A simple, general method for purifying restriction endonucleases is described. The method employs precipitation of nucleic acids from crude extracts with polyethyleneimine followed by affinity chromatography on columns of heparin covalently linked to agarose. Most of the sixteen enzymes tested could be purified to a degree sufficient for DNA sequencing work by this method sometimes supplemented by at most one step of ion exchange chromatography.
INTRODUCTION
Site specific restriction endonucleases have, in the last few years, become indispensable for many aspects of nucleic acid research. As a result, much time and effort is expended by workers in this field in the purification and maintenance of stocks of these enzymes. We have felt a need for a simplified purification scheme for restriction endonucleases that would fulfill the following criteria: a) Be applicable, with minor variations, to as large a number of different enzymes as possible. b) Efficiently remove nucleic acids from crude extracts before the first column chromatographic step. c) Have a high capacity so that large scale purifications for protein studies would be possible.
To. this end, we have modified purification procedures that were originally developed for the RNA polymerase from Escherichia coli to the purification of restriction endonucleases. These are:
precipitation of nucleic acids (and in some cases restriction enzymes) with polyethyleneimine ' and affinity chromatography on heparin covalently linked to agarose . Either or both of these procedures, supplemented by conventional ion exchange Nucleic Acids Research chromatography, have routinely yielded enzymes of very high purity with only one, or in a few cases two, chromatographic steps. So far, we have applied these procedures to the purification of sixteen enzymes from eleven different bacterial strains. In this paper, we describe in detail the preparation" of the restriction enzymes from Bacillus qlobiqii and Thermus aquaticus in order to illustrate the major advantages and disadvantages cf the methods. We also discuss the salient features of the other purifications that we have made to date.
While this manuscript was in preparation, two papers describing the use of polyethyleneimine for the purification of k 5 the enzyme EcoRI appeared ' .
MATERIALS AND METHODS
a) Polyethyleneimine precipitation of crude cell extracts.
All purification procedures were performed at a temperature of 0-k C. Frozen cells were disrupted by sonication for amounts less than 100 g or for larger amounts by homogenisation with glass beads in a buffer containing 20 mM Tris-HCl pH 7.5, 10 mM MgClj and 7 mM 2-mercaptoethanol. The extracts were clarified by high speed centrifugation . Treatment with PEI was done in one of two different ways:
The high speed supernatant in the extraction buffer was made 1% in PEI by adding slowly and with stirring one tenth volume of a 10% neutralised solution of PEI (Serva, practical grade) in water. After stirring for at least 30 minutes the mixture is centrifuged for 10 minutes at 10,000 rpm in the Sorvall SS3^ or GSA rotor. The pellet contains the nucleic acids and some nucleic acid binding proteins including, in some cases, restriction endonucleases. Restriction enzymes were extracted from the pellet with a buffer containing 20 mM TrisHCl, pH 7.5, 100 mM NaCl , 0.5 mM EDTA and 7 mM 2-mercaptoethanol.
The pellet was homogenised with this buffer for 30 minutes, the mixture was centrifuged (10 minutes, 10,000 rpm) and the extraction was repeated twice more. The combined supernatants were made 70% of saturation with solid (NH^) 2 S0., stirred for 30 minutes and the protein precipitate collected by centrifugation.
The pellet was dissolved in the buffer used for the first column chromatography and either dialysed against the same buffer or applied directly to the column.
Method B:
The high speed supernatant was made 0.1 M with NaCl, one tenth volume of 10% PEI was added slowly and with stirring, and the precipitate, containing mainly nucleic acids, was removed by centrifugation after 30 minutes. Using this method, all of the restriction enzymes that we have tested remain in the supernatant. The supernatant was therefore treated with ammonium sulphate as described under Method A. Table I .
We have used either sonication or grinding with glass beads to disrupt the cells of _B_. globigil . Sonication gives higher yields of enzyme, probably because cell breakage is more efficient, but grinding with glass beads is more convenient when large amounts of cells have to be processed.
The next step, precipitation with PEI, can be done in either low or high (0.1 MNaCl) salt conditions. In low salt, the res- Excess PEI was removed from the preparations and the proteins were concentrated by ammonium sulphate precipitation before the major purification step, chromatography on heparin-agarose. Figure 1 shows the results of one such column analysed for endonuclease activity by agarose gel electrophoresis ( Cells of EK globlgll (250 g) were opened with glass beads, centrifuged, treated with PEI by Method B and precipitated with ammonium sulphate, all as described in Materials and Methods. The dialysed ammonium sulphate fraction was applied to a 50 ml column of heparin agarose (diameter 1.6 cm), the column was washed with 100 ml of column buffer containing 0.2 M NaCl and enzymes were eluted with 500 ml of a gradient of NaCl between 0.2 and 0.7 M. The general methods described in detail in the last section, in particular chromatography on heparin-agarose, have been used in the purification of the enzymes shown in Table II . For some of these enzymes heparin-agarose has so far only been used as a final purification step for preparations that had already been partially purified by conventional procedures. However, in many other cases purification to an extent acceptable for DNA se- quencing work was obtained using heparin-agarose as the only chromatographic step. We are confident therefore that this method can be used as the first, and sometimes only, step in the preparation of most enzymes.
Some of the enzymes in Table II are exceptions to this rule and presented particular problems. Initially, we encountered considerable difficulties in purifying the enzymes from Thermus aquaticus. This was because the cell extracts contain an acidic "slime" that interferes with the binding of the proteins to ion exchange celluloses and to heparin-agarose. We solved the problem by the use of a relatively large DEAE cellulose column, to. which the slime binds together with the restriction enzymes, as a first chromatography step. Although this column gives poor resolution (Fig. 2a) , the active fractions now bind well to heparin-agarose and Tag I can be cleanly separated from Tag II ( Clarkson. 40 g of cells were disrupted by sonication. The extract was centrifuged for 2 hours at 40,000 RPM in the IEC A237 rotor and the fraction of the supernatant precipitating between 35% and 75% ammonium sulphate concentrations was prepared and dialysed against a buffer containing 20 mM Trls-HCl, pH 7.5; 0.5 mM EDTA; 7 mM 2-mercaptoethanol. The dialysed extract was loaded onto a 100 ml column of DEAE-cellulose (diameter 2.6 cm) at 50 ml/hr, the column was washed with 200 ml of the above buffer and a gradient of 1000 ml between 0 and 0.4 H NaCl was applied. Restriction activity in the flow through and every other fraction we assayed with phage A DNA (2 ug) on a 2.5% mixed acrylamlde-agarose gel. Fig. IB -Active fractions from the DEAE column were concentrated by ammonium sulphate precipitation, dialysed, applied to a 10 ml bed of heparin-agarose as described in Methods. The mixed flow-through and wash fractions and every other fraction from the gradient were analysed for restriction activity as in Fig. la . Tag I activity is centred around fraction 35, Taq II around fraction 23.
DISCUSSION
The purification methods that we describe in this paper should prove useful for the majority of restriction endonucleases. Th-ese procedures permit the preparation of enzymes free from contaminating activities with at most two, and often one, column chromatographic step. In the latter case, the enzymes can often be purified within three working days.
While this paper was in preparation, two reports appeared describing the application of PEI precipitation to the preparak 5 tion of Eco RI ' . The authors of these papers arrived at conclusions similar to ours. Namely that coprecipitation of DNAenzyme-PEI complexes in low salt affords a useful preliminary fractionation of proteins and allows nucleic acids to be completely removed. They also found that this procedure was not suitable for all enzymes but that nucleic acids could still be precipitated with PEI at relatively high salt concentrations, conditions under which restriction enzymes remain in solution.
In some cases, Bql II for example, the enzyme may be pure enough to use for DNA mapping studies after extraction from a low salt PEI pellet although in general at least one column chromatographic step will be needed.
The use of heparin-agarose rather than ion exchange chromatography as a first column step presents many advantages.
The material is easy to make and once made is stable for at least two years. It has excellent flow properties and packs well into columns. It has a very high capacity permitting the use of relatively small column bed volumes. As a result, the enzymes elute from the column in small volumes. The enzymes are often sufficiently concentrated that they can be prepared for storage by addition of glycerol rather than the riskier procedure of dialysis against glycerol containing buffers. Finally, since most non-specific nucleases in the crude extracts either do not bind to heparin-agarose or are eluted at low ionic strengths, restriction enzymes, most of which elute at relatively high ionic strength, are free from non-specific nuclease and can generally be used without further purification. This high degree of purity itself may pose a problem. Restriction enzymes eluted from heparin contain so little protein that they sometimes tend to inactivate rather rapidly. For this reason we recommend that sterile gelatin or bovine serum albumin be added to the preparations to stabilise them.
The use of heparin agarose for column chromatography was suggested by the fact that many DNA binding proteins are inhibited by heparin which acts as an analogue of DNA. In several cases it has been shown that heparin will inhibit the enzyme before it forms a complex with DNA but not after '. We believe that the separations that we make with heparin-agarose are based on affinity rather than ion exchange chromatography for the following reasons. Positively charged amino and imino groups may be introduced into the agarose matrix during the CNBr activation procedure. However, if these played any part in the chromatography one would expect that proteins would bind at least as well as to DEAE-cellulose and would elute at the same, or higher, salt concentrations. This is not the case since the bulk of the cell protein binds to DEAE-cellulose but does not bind to heparin agarose. In addition, at least one enzyme, Sst I, elutes at a considerably lower salt concentration from heparin-agarose than from DEAE-cellulose. A further possibility would be that proteins could ion exchange on the sulphate residues of the heparin. In this case, the separations should resemble those obtained with phosphocellulose. However, at least two pairs of enzymes (Hpa I and II, Hind II and III) elute from heparin-agarose in the opposite order than from phosphocellulose.
In closing, it should be born in mind that heparin-agarose should be applicable to the purification of other DNA-interacting enzymes besides RNA polymerase and restriction endonucleases.
For example, we have found it useful for the purification of DNA ligase and polynucleotide kinase from bacteriophage T^-infected E_. coli cells.
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